Human T-cell leukemia virus type 1 (HTLV-1) is a retrovirus that mainly infects CD4 T cells, 1 a critical cell population for the host defense against foreign pathogens. HTLV-1 is known as the causal agent of adult T-cell leukemia (ATL), 2-4 a leukemia derived from CD4 T cells, and chronic inflammatory diseases, including HTLV-1-associated myelopathy/tropical spastic paraparesis, 5, 6 alveolitis, 7 and uveitis. It has also been recognized that HTLV-1 infection is complicated by opportunistic infections caused by Pneumocystis jiroveci, herpes zoster virus, cytomegalovirus, or Strongyloides stercoralis. 8 However, the mechanism by which HTLV-1 causes immune deficiency has remained unknown.
Introduction
Human T-cell leukemia virus type 1 (HTLV-1) is a retrovirus that mainly infects CD4 T cells, 1 a critical cell population for the host defense against foreign pathogens. HTLV-1 is known as the causal agent of adult T-cell leukemia (ATL), 2-4 a leukemia derived from CD4 T cells, and chronic inflammatory diseases, including HTLV-1-associated myelopathy/tropical spastic paraparesis, 5, 6 alveolitis, 7 and uveitis. It has also been recognized that HTLV-1 infection is complicated by opportunistic infections caused by Pneumocystis jiroveci, herpes zoster virus, cytomegalovirus, or Strongyloides stercoralis. 8 However, the mechanism by which HTLV-1 causes immune deficiency has remained unknown.
Another human pathogenic retrovirus, HIV, replicates vigorously in vivo and produces a large number of virions. As a result of abundant viral production, HIV-infected CD4 T cells proceed to apoptosis, a phenomenon that eventually results in AIDS. In contrast, HTLV-1 increases its copy number primarily in the form of a provirus, by promoting the clonal proliferation of infected host CD4 T cells. 9, 10 Despite this opposite effect on CD4 T-cell homeostasis compared with HIV, HTLV-1 infection and ATL are frequently accompanied by a deficiency of cellular immunity resembling that seen with AIDS.
HTLV-1 encodes several regulatory and accessory genes in the viral genome. 1, 11 The viral proteins expressed by the integrated provirus control viral gene transcription and induce host cell proliferation, enabling HTLV-1 to achieve persistent infection. Among the viral genes of HTLV-1, HTLV-1 bZIP factor (HBZ), which is encoded in the minus strand, 12 is a constitutively expressed viral gene. 13 It has been reported that there are 2 major transcripts of the HBZ gene: spliced HBZ (sHBZ) and unspliced HBZ (usHBZ). 14 Based on the findings that sHBZ is more abundantly expressed than usHBZ 15 and that sHBZ has a functionally stronger effect than usHBZ, 16 we focused on sHBZ in this study.
Recently, we have reported that sHBZ expression increases the number of regulatory T cells (Tregs) by inducing transcription of the Foxp3 gene in transgenic mice that express the HBZ gene in CD4 T cells (HBZ-Tg mice). 17 An increase in Tregs might be implicated in the immunodeficiency observed in ATL patients. Furthermore, previous studies have reported that HBZ suppresses host cell-signaling pathways that are critical for T-cell receptor signaling in the immune response, such as the NF-B 18 and AP-1 pathways. 19 These findings led us to hypothesize that HBZ might have important roles in the dysregulation of cellular immunity associated with HTLV-1 infection.
To verify this hypothesis, we used HBZ-Tg mice that express sHBZ in CD4 T cells and studied well-established infection models of 2 pathogens. The first model involves intravaginal viral infection with herpes simplex virus type-2 (HSV-2). IFN-␥ production by CD4 T cells is critical for the exclusion of HSV-2 from the host. 20, 21 The other model involves infection with the Gram-positive intracellular bacterium, Listeria monocytogenes (LM), which is known as an opportunistic pathogen. In LM infection, CD4 T cells play pivotal roles in the acquired immune response by producing IFN-␥ and inducing the activation of macrophages, which eliminate LM by phagocytosis and subsequent bactericidal activity. 22, 23 Indeed, previous reports have shown that some ATL patients are infected with these 2 pathogens. 24, 25 Using these 2 infection models, we demonstrated that sHBZ suppresses cell-mediated immunity. Furthermore, we determined the molecular mechanism of this HBZ-mediated immune suppression.
Methods Mice
Wild-type C57BL/6J mice were purchased from CREA Japan. Transgenic mice expressing the sHBZ gene under control of the CD4 promoter/enhancer/ silencer have been described previously. 13 All HBZ-Tg mice were heterozygotes for the transgene. All mice used in this study were maintained in a specific pathogen-free facility and handled according to protocols approved by Kyoto University.
Herpes simplex virus type 2 infection
The HSV-2 wild-type strain UW268 and thymidine kinase (TK)-negative strain UWTK (a gift from T. Suzutani, Fukushima Medical University) used in this study were propagated and titrated on Vero cells. 26 Acyclovir was used for propagation of UWTK to block emergence of TK ϩ revertant. To increase their susceptibility to HSV-2, we injected mice subcutaneously with medroxyprogesterone acetate, Depo-provera (Sigma-Aldrich), (2 mg/mouse). Five days after this hormone injection, mice were anesthetized using Avertin (Sigma-Aldrich), preswabbed with a type 2 Calgiswab (Puritan), and inoculated intravaginally with 10 3 or 10 4 plaque-forming units (PFU) of UW268. For studies of secondary infection, mice were first immunized intravaginally with 10 6 PFU of UWTK, and 4 weeks later, they were inoculated intravaginally with 10 5 PFU of UW268. Vaginal secretions were collected by 3 pipettings with 15 L of PBS, swabbed with a Calgiswab, and added to 955 L of 5% FCS-DMEM and stored at Ϫ80°C. HSV-2 titers were determined by plaque assay on Vero cells. Five days after primary infection, lavage fluid from the vaginal tract was harvested similarly by 3 pipettings with 20 L of PBS.
At 6 days after infection, the vaginal tissues of infected mice were fixed in 10% formalin in phosphate buffer and embedded in paraffin. H&E staining was performed according to standard procedures. The presence of HSV-2 antigen in tissues was detected using rabbit polyclonal anti-herpes simplex virus type 2 (Dako North America). Images were captured using a Provis AX80 microscope (Olympus) equipped with OLYMPUS DP70 digital camera, and detected using a DP manager system (Olympus; original total magnification ϫ200).
Splenic CD4 T cells from HSV-2 primary-infected mice were stimulated in a 96-well plate coated with CD3 mAb (1 g/mL) and CD28 mAb (1 g/mL) for 24 hours. For antigen specific stimulation, CD4 T cells were cocultured for 48 hours in the presence of irradiated T cell-depleted splenocytes as antigen-presenting cell (APC) and heat-inactivated HSV-2 (heat inactivated at 56°C for 2 hours) at a multiplicity of infection of 1. Supernatant was collected and stored at Ϫ20°C until assay.
Evaluation of resistance and immune response to LM in mice
Wild-type LM strain EGD was used in this study. The bacterial suspension was prepared as described previously. 27 For primary infection, mice were inoculated intravenously with 10 3 colony-forming units (CFUs) of LM and the bacterial burden in the spleen was determined on day 2 or 5 after infection.
For studies of secondary infection, mice were immunized intravenously with 10 3 CFUs of LM. From day 3 through day 6.5 after immunization, the drinking water supplemented with ampicillin (2 mg/mL) was given to clear any remaining LM. On day 7, mice were challenged with 10 6 CFUs of LM, and the spleens and sera were harvested after 3 or 12 hours. Spleens were homogenized in PBS, and the number of viable bacteria was determined by plating 10-fold serial dilutions on tryptic soy agar plates and counting the CFUs.
For cytometric assays, immunized mice were re-inoculated with 10 7 CFUs of LM. Splenocytes were harvested after 12 hours, cultured in the presence of protein transport inhibitor for 6 hours, and evaluated by the FACSCanto II (BD Biosciences) for cell surface and intracellular markers.
To determine the functional development of CD4 T cells in immunized mice, we purified splenic CD4 T cells and then stimulated them in a 96-well plate coated with CD3 mAb and CD28 mAb. For LM specific stimulation, CD4 T cells were cocultured with mouse bone marrow-derived macrophages (BMDMs) differentiated in the presence of 100 ng/mL of M-CSF and pulsed with viable LM at a multiplicity of infection of 10. Supernatant after stimulation for 24 hours was collected and stored at Ϫ20°C until assay.
Analysis of virus vector-transduced CD4 T cells
Retroviral transduction was performed as described previously. 17 The spliced HBZ gene was cloned into a retroviral vector, pMXs-Ig (a gift from T. Kitamura, The University of Tokyo), to generate pMXs-Ig-HBZ. This plasmid DNA was transfected into the packaging cell line, Plat-E. For retroviral transduction, CD25 Ϫ CD4 ϩ cells were enriched by a CD4 enrichment kit (BD Biosciences PharMingen) and were activated by anti-CD3 Ab (0.5 g/mL) and rIL-2 (50 U/mL) in the presence of T cell-depleted and x-irradiated (20 Gy) C57BL/6J splenocytes as APCs in 12-well plates. After 16 hours, activated T cells were transduced with viral supernatant in the presence of 4 g/mL polybrene and centrifuged at 1700g for 60 minutes. Then, transduced CD4 T cells were stimulated by phorbol 12-myristate 13-acetate (PMA; 50 ng/mL) and ionomycin (1 g/mL) or plate-coated CD3 mAb (1 g/mL) and CD28 mAb (1 g/mL) in the presence of protein transport inhibitor and analyzed by a flow cytometry as shown in Figure 3 . Dead cells were excluded using forward and side scatter and LIVE/DEAD Fixable Dead Cell Stain Kit (Invitrogen) by flow cytometry. Thereafter, intracellular cytokines were measured.
For generation of the lentivirus vector, sHBZ cDNA was cloned into pCS2-EF-GFP (a gift from H. Miyoshi, RIKEN BioResource Center) as previously described. 13 In brief, 293FT cells were cotransfected with the lentivirus vector, pCMV-⌬8/9 and pVSVG and supernatant containing virus was used for transduction. The lentivirus titer was determined on 293FT cells.
Empty vectors that express only GFP were used as controls for retroviral and lentiviral transductions.
IFN-␥ promoter assay
Nucleotides Ϫ670 to ϩ64 of the IFN-␥ promoter region were amplified by PCR using human genomic DNA as a template, and cloned into pGL4.22 (Promega). The PathDetect pAP-1-Luc and pNFAT-Luc Cis-Reporter Plasmids were purchased from Promega. Transfection and luciferase assay were performed according to supplemental Methods (available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
ChIP assay
sHBZ-expressing Jurkat cells were stimulated with PMA and ionomycin. ChIP assay was performed as reported previously. 28 ChIP DNA samples were subjected to the StepOnePlus real-time PCR system using Power SYBR Green PCR Master Mix (Applied Biosystems). The sequences of the primers for the human IFN-␥ promoter were: 5Ј-TACCAGGGC-GAAGTGGGGAG-3Ј (sense) and 5Ј-GGTTTTGTGGCATTTGGGTG-3Ј (anti-sense).
Statistical analysis
For in vitro and in vivo experiments, multiple data comparisons were performed using the Student unpaired t test.
Results

High susceptibility of HBZ-Tg mice to HSV-2 infection
We first evaluated the susceptibility of HBZ-Tg mice to HSV-2 infection. Recently, we reported that HBZ-Tg mice frequently develop T-cell lymphoma and dermatitis after 10 weeks. 17 Therefore, HBZ-Tg mice without skin symptoms at 7 to 10 weeks of age were used in this study. It has been reported that the host immune response against primary HSV-2 infection can be divided into 2 stages: the innate immune response plays a dominant role by day 2 after infection, whereas cellular immunity plays an important role later, after day 5 after infection. 29 IFN-␥ production by CD4 T cells is known as a critical factor in the cellular immune response against pathogens. 29 To determine whether cellular immunity is impaired in HBZ-Tg mice, we pretreated HBZ-Tg and non-Tg mice with Depo-provera for efficient infection and inoculated them with HSV-2 through the vaginal route. 30 The viral titer of HSV-2 in the lesion was measured. In this primary infection assay, there was no significant difference in the viral titers between non-Tg and HBZ-Tg mice at day 2 after inoculation ( Figure 1A ), when innate immunity is responsible for the host defense. In contrast, at day 6 after infection, when acquired immunity becomes important, HBZ-Tg mice showed significantly higher viral titers of HSV-2 than non-Tg mice ( Figure 1A ). Immunohistochemical analysis revealed that abundant viral antigens were detected in the vaginal epithelial cells and ganglia of HSV-2 challenged HBZ-Tg mice but not in non-Tg mice ( Figure 1B) .
To explore the mechanism of this immune deficiency, we examined cytokine production by CD4 T cells stimulated with antibodies to CD3 and CD28 or with heat-inactivated HSV-2 and APC. On day 6 after infection, the production of Th1 effector cytokines, including IFN-␥, IL-2, and TNF-␣, was significantly reduced in CD4 T cells from HBZ-Tg mice compared with non-Tg mice ( Figure 1C ). Furthermore, IFN-␥ concentration in vaginal wash fluids at day 5 after infection was significantly suppressed in HBZ-Tg compared with non-Tg mice ( Figure 1D ). When we challenged mice with a 50% lethal dose of HSV-2, the survival rate of non-Tg mice at day 20 after infection was 53%. In contrast, HBZ-Tg mice could not survive a viral challenge at the same dose ( Figure 1E ).
To study acquired immunity against HSV-2, we immunized and challenged mice as shown in Figure 1F . First, mice were immunized by TK-negative HSV-2 strain, the attenuated mutant of HSV-2, and then they were challenged with wild-type HSV-2. The vaginal virus titer in HBZ-Tg mice at day 3 after challenge was similar to that in nonimmune non-Tg mice ( Figure 1F ), whereas HSV-2 was not detected in immune non-Tg mice. The difference in viral titer between non-Tg and HBZ-Tg mice was much more remarkable in these secondary infection experiments than in the previous primary infection experiments, implicating impaired acquired immunity in HBZ-Tg mice. These results demonstrate that expression of sHBZ in CD4 T cells induces a deficiency in the immune response against HSV-2 and impairs the production of IFN-␥, IL-2, and TNF-␣.
HBZ-Tg mice have an impaired T cell-dependent immune response to LM
We next evaluated the susceptibility of HBZ-Tg mice to infection with LM via an intravenous route. As with HSV-2 infection, production of IFN-␥ by CD4 T cells plays a crucial role in the growth inhibition and elimination of LM in vivo. 31, 32 On day 2 or 5 after primary infection with LM, we removed spleens and evaluated the bacterial burdens in the organs. The number of LM recovered from HBZ-Tg spleen on day 2 was comparable to that from non-Tg mice, yet the bacterial burden in HBZ-Tg mice at day 5 was higher than that in non-Tg mice (Figure 2A) , suggesting a reduced protection in HBZ-Tg mice against LM, especially when acquired immunity is being established. We next a performed secondary infection experiment to evaluate the T cell-dependent immunity that developed after primary infection. Non-Tg mice immunized with a small dose of LM and later challenged with a high dose exhibited a significant level of bacterial elimination 12 hours after challenge compared with nonimmunized mice ( Figure 2B ). By contrast, such a significant level of bacterial elimination was not observed in immunized HBZ-Tg mice ( Figure  2B ), indicating that acquired LM-specific immunity is impaired in HBZ-Tg mice.
Characterization of cytokine production in the LM-infected mice
We next measured the concentration of several cytokines in the sera and homogenized spleen supernatant of HBZ-Tg and non-Tg mice during secondary infection with LM. IFN-␥, TNF-␣, IL-2, IL-6, and IL-10 were decreased in HBZ-Tg mice ( Figure 2C ) compared with non-Tg mice. On the other hand, IL-12, which is mainly secreted by APCs, was increased in HBZ-Tg at 12 hours. To explore whether impaired production of Th1 cytokines by CD4 T cells is responsible for the decrease in levels of IFN-␥, TNF-␣, and IL-2 in the serum, we enriched CD4 T cells from the spleens of immunized mice and then stimulated the cells ex vivo nonspecifically (with mAbs to CD3 and CD28) or specifically (with BMDMs pulsed with viable LM). The ability of CD4 T cells from HBZ-Tg mice to produce IFN-␥ and IL-2 in response to either kind of stimulation was markedly impaired compared with that of cells from non-Tg mice ( Figure 2D ). In contrast, a considerable amount of TNF-␣ production was detected in tests of both HBZ-Tg and non-Tg CD4 T cells after stimulation with LM-pulsed BMDMs. However, this level of TNF-␣ was almost comparable with that observed in the culture of LM-pulsed BMDMs alone ( Figure 2D) . Therefore, the TNF-␣ detected in this experiment was probably produced by the macrophages, not by the CD4 T cells. These results strongly suggest that the ability of CD4 T cells to produce Th1 cytokines is impaired in HBZ-Tg mice.
Because IFN-␥ is reported to play a pivotal role in the acquired protection of mice against LM, 22, 23 we focused on IFN-␥ production by LM-specific CD4 T cells. Splenic cell suspensions were prepared from 2 groups of mice immunized and challenged according to the protocol shown in Figure 2B . Cells were cultured for 6 hours in the presence of protein transport inhibitor and then subjected to flow cytometric analysis for IFN-␥ production by intracellular cytokine staining. The number of IFN-␥-producing CD4 T cells in HBZ-Tg mice was remarkably reduced compared with that in non-Tg mice ( Figure 3A) . In contrast, IFN-␥ production by CD8 T cells showed no significant difference between non-Tg and HBZ-Tg mice ( Figure 3A ). In addition, there were no differences between HBZ-Tg mice and control littermates in both total and CD4 ϩ splenocytes (supplemental Figure 1) .
We recently reported that the proportion of Foxp3 ϩ CD4 ϩ T cells is increased in HBZ-Tg mice. 17 A previous study reported that Foxp3 expression inhibits the production of IFN-␥, 33 suggesting that a decreased proportion of effector T cells in HBZ-Tg mice might be responsible for the low number of IFN-␥-producing CD4 T cells. However, the impairment of IFN-␥ production was still observed in the Foxp3-negative effector CD4 T-cell population ( Figure 3B ), indicating that the reduction in IFN-␥ production is independent of Foxp3 expression. These results collectively indicate that transgenic expression of sHBZ in CD4 T cells results in a reduction in effector cytokine production by CD4 T cells.
sHBZ directly inhibits IFN-␥ production in a CD4 T cell-intrinsic manner
To determine whether sHBZ-mediated IFN-␥ suppression was induced by a cell-intrinsic effect of sHBZ in CD4 T cells or by a dysregulated immunologic status in vivo indirectly caused by sHBZ expression, we used a retrovirus vector to express sHBZ in naive CD4 T cells. Wild-type CD4 T cells transduced with sHBZ showed lower IFN-␥ production than empty vector-transduced cells ( Figure 4A-B) , demonstrating that sHBZ directly suppresses IFN-␥ production in CD4 T cells. It is noteworthy that sHBZ suppressed IFN-␥ production in human CD4 T cells as well as mouse T cells. This suppression was not limited to IFN-␥ but was also observed for TNF-␣ ( Figure 4C ) and IL-2 ( Figure 4D ). Expression level of the HBZ gene transcript was much higher than that of HBZ-Tg mice (supplemental Figure 2) . IL-4 production was 
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sHBZ suppresses the activity of the IFN-␥ promoter by inhibiting the NFAT and AP-1 signaling pathways
To further elucidate the mechanism of sHBZ-mediated IFN-␥ inhibition, we performed a promoter assay using a human Ϫ670 to ϩ64 IFN-␥ promoter construct in the human T-cell line Jurkat. Previous reports have demonstrated that NFAT, AP-1, and NF-B signaling pathways are involved in the regulation of IFN-␥ transcription. 34 We found that PMA and ionomycin treatment enhanced IFN-␥ promoter activity, and sHBZ suppressed this enhancement in a dose-dependent manner ( Figure 5A ). In contrast, another viral protein, Tax, enhanced the promoter activity as reported previously (Figure 5B ), 35 an observation that is in line with previous findings that Tax is capable of activating the NF-B and AP-1 signaling pathways. 36 Previous studies have demonstrated that the level of sHBZ transcripts in ATL patients and HTLV-1 carriers is approximately 4-fold higher than the level of tax transcripts. 15 The activation of the IFN-␥ promoter by Tax was inhibited by sHBZ when sHBZ was expressed at levels similar to those in HTLV-1 carriers ( Figure 5C ), suggesting that sHBZ can have an inhibitory effect on Tax-mediated IFN-␥ induction in HTLV-1 infected cells.
To identify the region of the IFN-␥ promoter responsible for sHBZ-mediated suppression, we conducted further analyses using serially deleted promoter constructs. The human IFN-␥ promoter (Ϫ670 to ϩ64) contains NFAT, AP-1, STAT, ATF, and T-bet binding regions, and these transcription factors are reported to be involved in IFN-␥ expression. The suppressive effect of sHBZ on the IFN-␥ promoter was reduced by the deletion between dM2 and dM3 (P Ͻ .001; Figure 5D : a deletion, which removes 2 NFAT sites, an AP-1 site, and a STAT binding site). Because HBZ has a suppressive effect on the NFAT and AP-1 signaling pathways, 17, 19 these binding sites might be associated with the suppressive effect of sHBZ. To further explore this possibility, we generated the promoter constructs with point mutation for each NFAT or AP-1 sites, and performed the promoter assay. The point mutation for For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From Ϫ163 to Ϫ153 (P ϭ .025) but not Ϫ279 to Ϫ269 (P ϭ .057) NFAT binding site remarkably reduced suppressive effect of promoter activity by HBZ ( Figure 5E ). We next characterized effect of sHBZ on AP-1 binding sites in the IFN-␥ promoter. The point mutation for Ϫ193 to Ϫ183 AP-1 binding site partially impaired the inhibitory effect (P ϭ .042; Figure 5F ). Three point mutations of all AP-1 binding sites much more reduced the HBZ-mediated suppressive effect on the promoter (P ϭ .001; Figure 5F ). These results indicate that NFAT and AP-1 binding sites are involved in the suppressive effect of HBZ on this promoter.
To further elucidate the involvement of the AP-1 or NFAT signaling pathway in the sHBZ-induced impairment of IFN-␥ production, we used sHBZ mutants, which are unable to exert an inhibitory effect on NFAT or AP-1 signaling. We have reported that activation and central domains of HBZ interacted with NFAT. 17 We constructed deletion mutants and 7 amino-acid substitution mutants of sHBZ central domain and assessed their abilities to function in the NFAT or AP-1 signaling pathway (Figure 6A-B; supplemental Figure 4A -C). We found 2 mutants of interest: sHBZ-CDm7 and sHBZ-⌬AD. sHBZ-CDm7 contained amino acid substitutions in the central domain of sHBZ, and these mutations abrogated the inhibitory effect of sHBZ on the activity of an NFAT reporter plasmid ( Figure 6A ). In contrast, sHBZ-⌬AD, which contains a deletion of the activation domain of sHBZ, did not have suppressive activity on the AP-1 signaling pathway ( Figure 6B ). We confirmed that expression levels of the sHBZ mutants were comparable with that of WT-sHBZ (supplemental Figure 4D) . Consistent with the findings of the reporter assay with the deleted promoters, sHBZ-CDm7 and sHBZ-⌬AD showed remarkable reduction in the inhibitory effect on the IFN-␥ promoter ( Figure  6C ). Furthermore, we generated retrovirus vectors that express these sHBZ mutants, transduced them to mouse CD4 T cells, and evaluated their effect on IFN-␥ production. We found that these 2 sHBZ mutants lost their inhibitory effect on IFN-␥ production compared with WT-sHBZ ( Figure 6D ). Previous reports have shown that bZIP domain of HBZ plays a role in suppression for transcriptional activity of AP-1 family, including c-Jun and Jun-B. 19, 37 In this study, deletion mutant of bZIP domain in sHBZ did not influence NFAT and AP-1 pathway in Jurkat cell ( Figure 6A-B) and IFN-␥ production in mouse CD4 ϩ T cell (supplemental Figure  5A) , indicating that not bZIP domain but activation domain of HBZ is essential for suppression of AP-1 pathway in this study.
In addition, we performed a ChIP assay to explore recruitment of the transcription factors NFAT and AP-1 to the IFN-␥ promoter in the presence of sHBZ. This experiment showed that sHBZ inhibited recruitment of NFATc2 and c-Jun to the IFN-␥ promoter containing 2 NFAT sites and one AP-1 binding site ( Figure 6E ). These results suggest that sHBZ physically inhibits DNA binding of c-Jun and NFATc2 and suppresses the NFAT and/or AP-1 signaling pathways, which are critical for IFN-␥ production in CD4 T cells.
Impaired production of IFN-␥ in primary ATL cells
Jurkat T cells express IFN-␥ gene transcripts after stimulation with PMA and ionomycin. sHBZ expression in Jurkat cells remarkably reduced the level of IFN-␥ mRNA ( Figure 7A ). It is critical to study IFN-␥ expression in naturally HTLV-1-infected T cells. Therefore, we examined IFN-␥ production in PBMCs from ATL patients (supplemental Table 1 ). PBMCs were stimulated by PMA and ionomycin for 5 hours, and intracellular IFN-␥ was stained. We found that IFN-␥ production by CD4 T cells was remarkably decreased in ATL patients compared with healthy donors ( Figure  7B ). In addition, TNF-␣ and IL-2 production also was suppressed in CD4 T cells from ATL patients. These data suggest that impaired production of IFN-␥ is observed not only in HBZ-Tg or ectopically transfected cells but also in primary CD4 T cells from ATL patients.
Discussion
Viruses that cause chronic infections, including hepatitis C virus, HIV, Epstein-Barr virus, and HTLV-1, have strategies to evade the host immune system and to replicate in vivo despite detectable immune responses. 38 For HTLV-1, it has been reported that p12 binds to free human major histocompatibility complex class I heavy chains and inhibits its expression, which results in escape of infected cells from host immune system. 39 A number of viruses evade the host immune response by perturbing the production of cytokines. It has been reported that the core protein of HCV decreases IL-2 production via suppression of mitogen-activated protein kinase. 40 The vaccinia virus double-strand RNA binding protein E3 inhibits the PKR, NF-B, and IRF3 pathways, thus suppressing IFN-␤, TNF-␣, and TGF-␤ production. 41 The HIV-1 Tat protein perturbs signal transduction by IFN-␥. 42 However, it has not been known precisely how HTLV-1 evades the host immune system. In this study, we show that sHBZ inhibits the effector function of CD4 T cells via interaction with NFAT and AP-1, leading to a suppressive effect on the production of Th1 cytokines, such as IFN-␥. This is probably a mechanism of the cellular immune deficiency observed in HTLV-1 infection.
It is well known that NF-B, AP-1, and NFAT are involved in T-cell receptor signaling pathways. 43 Tax is broadly recognized to play a crucial role in the pathogenesis of HTLV-1, including oncogenesis and inflammation. Previous studies showed that Tax could activate cellular signaling pathways, including NF-B, and AP-1. 36 Thus, Tax has an enhancing effect, not a suppressive effect, on the immune response of infected cells. On the other hand, HBZ is constitutively transcribed in infected cells and suppresses cellular signaling pathways, including the CREB, AP-1, and canonical NF-B pathways. 44 These findings suggest that HBZ, rather than Tax, is probably responsible for the immune deficiency in HTLV-1 infection and may act through the impairment of effector cytokine production. Indeed, this study shows that sHBZ suppresses the IFN-␥ transcription through interaction with NFAT and c-Jun. For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From
We have recently reported that the HBZ-Tg mice used in this study harbor increased numbers of CD4 ϩ Foxp3 ϩ Tregs compared with non-Tg mice. 17 Tregs are known as negative regulators of the host immune response to pathogens 45 ; hence, an increase in the number of Tregs might contribute to the suppression of effector T-cell responses against HSV-2 or LM in vivo. Tregs suppress the memory CD8 T-cell response. 46 However, we found that the production of IFN-␥ was impaired in sHBZ-expressing CD4 T cells but not in CD8 T cells ( Figure 3A) . IFN-␥ production was impaired in a CD4 T cell-intrinsic manner. In addition, the suppressive effect of Tregs on IFN-␥ production by effector CD4 T cells was not observed in mice immunized with LM (supplemental Figure 6) . Taken together, these data imply that the increased number of Tregs is not the main cause of the CD4 T-cell specific reduction of IFN-␥ production; rather, sHBZ expression in CD4 T cells may lead directly to suppressed production of IFN-␥.
In this study, we evaluated the cell-mediated immunity of HBZ-Tg mice against HSV-2 and LM. The protective immune response to these pathogens is mediated by IFN-␥ production by NK cells, CTLs, and/or Th1 cells. 47 IFN-␥ up-regulates major histocompatibility complex molecules, and inducible nitric oxide synthase, activates NK cells and macrophages, and induces Th1 development, 47 thus leading to the elimination of HSV-2 and LM. Lack of IFN-␥ function (because of mutation of IFN-␥ or its receptor, or because of the presence of IFN-␥ specific antibody) in vivo increases susceptibility to many pathogens, including lymphocytic choriomeningitis virus, Mycobacterium tuberculosis, and Leishmania major. 47 Of particular interest is the fact that protection against infection with Cryptosporidium parvum, 48 or Candida albicans, 49 which cause opportunistic infections in immune compromised hosts, depends on IFN-␥ production from CD4 T cells. In addition, previous reports have shown that a lack of CD4 T-cell help during primary infection results in an incomplete memory immune response in which CTL activity and antibody production by plasma cells are impaired. 50 Our current results, therefore, indicate that the reduced production of helper cytokine caused by sHBZ expression in CD4 T cells may contribute to the immunodeficiency observed in HTLV-1-infected persons and in HBZ-Tg mice.
Previous studies reported that activation and bZIP domains of HBZ played important roles in suppressive effects on the AP-1 pathway. 19, 37 However, this study showed that only activation domain was critical in T cells when stimulated by PMA and ionomycin. Deletion of bZIP domain partially impaired AP-1 activation by Tax (supplemental Figure 5B) . Previous studies used 293T cells and stimulated them by expression of c-Jun or Tax to analyze suppressive function of HBZ for the AP-1 pathway. 19, 37 Therefore, this difference might be because of not only cell type, but also stimulator. HTLV-1 infects CD4 T cells and IFN-␥ is The immune deficiency observed in ATL patients is one of the major factors in their poor prognosis. The mechanisms of HTLV-1-associated oncogenesis have been extensively investigated, yet there are only a limited number of reports regarding HTLV-1-related immune deficiency. Our results contribute to the understanding of this phenomenon by identifying a new mechanism of HTLV-1-induced immunodeficiency.
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